A theoretical model for the ground reflection from a correlated, extended source and including atmospheric turbulence [K. L. Gee et al., Proc. Mtgs. Acoust. 22, 040001 (2014)] is used to correct spectra measured over snow-covered terrain during a horizontal solid rocket motor firing. A sensitivity analysis reveals that at moderate distances, the relative sound pressure level changes are more sensitive to ground effective flow resistivity and microphone height, whereas at long range, the turbulence parameters and ground impedance have greater impact.
Introduction
Measurements of launch vehicle noise are complicated by reflections from finite-impedance ground surfaces. The ground impedance relies strongly on the effective flow resistivity 1) and, along with the source-receiver geometry, determines the frequencies at which interference nulls occur in the spectrum.
While a model including a fully coherent ground interaction from a simple source located near the maximum equivalent acoustic source location yields an estimate of the null locations, such a model fails to predict important details observed in measured spectra. Specifically, measured spectral interference nulls from rocket noise are not as deep nor as numerous as this simple model suggests.
There are two characteristics of rocket noise are primarily responsible for these spectral features that make modeling ground effects difficult. First, the extended, partially correlated nature of the rocket plume complicates the total interaction between the direct and reflected paths. The noise sources in launch vehicle exhaust cover a large spatial extent (tens of nozzle diameters) [2] [3] [4] and are directional because the turbulent structures in the plume are partially correlated.
Second, the presence of atmospheric turbulence causes the ground interaction to be only partly coherent. The finite impedance-ground, single-source interference approach by Daigle, 5) which incorporates both amplitude and phase variations due to turbulence, has been extended to distributions of uncorrelated and correlated monopoles. 6) In the initial application of the model to rocket noise, it was found that the inclusion of atmospheric turbulence reduces the depth and number of nulls. Furthermore, the addition of correlated source theory further reduces the depth of the nulls and appears to be most important for soft ground.
In this paper, the relative importance of the ground effective flow resistivity, microphone height, and turbulence parameters are examined for a correlated source distribution. The difference in the frequency-dependent sound pressure level, ΔSPL, is calculated with the ground and turbulence relative to the corresponding free-field, turbulent case across a realistic parameter space. A sensitivity analysis over a range of ground impedances and atmospheric conditions is performed to illustrate the robustness of this model. This theory for obtaining the mean-square pressure from multiple correlated sources in the presence of atmospheric turbulence is applied to correct near and far-field spectra measured from a horizontal firing of a GEM-60 solid rocket motor.
Model Summary
The recently developed mathematical model 6) builds upon the ground reflection and turbulence models by Embleton et al. 1) and Daigle, 5) respectively, by accounting further for multiple monopole sources that can be fully or partially correlated. To model the reflection of sound from a monopole with complex amplitude, � � �� �� , off a finite-impedance ground at a receiver location, �, (see Fig. 1 ) we employ the extended-reacting ground approach by Embleton et al. 1) In this model, the (complex) spherical reflection coefficient, � � �� �� , is obtained by modeling the ground impedance using the "effective flow resistivity," �. In Fig. 1 , the direct and reflected path lengths are shown as�� � , and � � , respectively. This model, however, assumes straight ray paths with no overall wind or temperature gradients. This model also assumes a perfectly coherent interaction between the direct and reflected waves, a case that does not exist in practice because atmospheric turbulence results in partially coherent addition of the waves. Although more complicated models exist for inclusion of turbulence in modeling of wave addition from ground reflections, Salomons et al. 8) showed that an approach by Daigle 5, 9, 10) is sufficiently accurate for most practical calculations. For a single source with unity amplitude, Daigle 5 estimated the long-term average, mean-square pressure at the observer location, �, for both amplitude and phase fluctuations, over a finite-impedance ground. We have recast Eq. (10) of 2) in a different form, allowing for a nonunity source amplitude, �, such that the mean-square pressure is
In Eq. (1), 〈� � 〉 is the amplitude fluctuation due to the turbulence, which is assumed to be the same for both the direct and reflected paths, � � ��� � � � � �, � � is the variance of the turbulent phase fluctuation, and � is the amplitude and phase covariance function. (They are taken to be equal in the Daigle model). In the present implementation, the spherical reflection coefficient is calculated according to Embleton et al., 1) which overcomes limitations described by Daigle in 5).
The parameters, 〈� � 〉, � � , and � can all be calculated for the geometry given two inputs, 〈� � 〉 and �, which are the mean-square fluctuating index of refraction and the effective turbulence length scale, respectively. These can be measured or can represent adjustable empirical constants. Daigle 
11)
The first term in Eq. (1) represents the mean-square pressure, including turbulent fluctuations for the direct source (or path), whereas the second term represents the mean-square pressure for the image source or reflected path. The third term represents the interaction between the direct and image sources. If the turbulence is perfectly correlated over all space, � → 1 and we have ��1 � 〈� � 〉� cos�� � ��� for the portion of the third term in the square brackets. Furthermore, if turbulent amplitude fluctuations are neglected and 〈� � 〉 → 0, the third term reduces to ��cos�� � ���� � � � , which is expected result for a perfectly coherent ground interaction. This single monopole model was recently expanded to two to include any number of uncorrelated monopoles by Gee et al. 6) In addition, the development of an expression for including the effects of atmospheric turbulence when the monopoles are correlated has also been derived. 6) This correlated monopole case is important for rocket noise because of the partially correlated nature of rocket noise. In the following analyses, the model includes 50 correlated monopoles, spaced 0.5 m apart, with the relative amplitudes and phase shown in Fig. 2 . Note that this is not meant to mimic a rocket noise source distribution, the true nature of which is unknown, particularly the source correlation. However, because the relative changes in sound level (ground versus free-field) are significantly less sensitive to the precise nature of the source features than the absolute levels are, the correlated, extended source in Fig. 2 is sufficient for the sensitivity study. Calculations are performed along a radial extending to the sideline of the maximum in the source distribution to avoid the rapid fluctuations in phase far upstream and downstream of the correlated array. A more detailed source model that is able to predict the absolute levels instead of relative changes in level due to the turbulence and ground interaction remains the subject of future work. 
Sensitivity Analysis
To investigate the relative importance of the parameters that go into the model for correcting sound pressure level measurements in the face of ground reflections and atmospheric turbulence, a sensitivity study is presented. The change, in decibels, from the model described in Sec. 2, relative to freefield levels is defined as ΔSPL. In Fig. 3 and Fig. 4 , ΔSPL is shown for different values of input parameters �, � � , �, 〈� � 〉, and � (the height of the microphone) to illustrate how the interaction between the direct and reflected sounds depends on these parameters. In Fig. 3 , the calculations are performed at a distance of 76 m and in Fig. 4 , the calculations are for a horizontal range of 1220 m. The linear source array height is 3.2 m. The modeled geometries mimic those of actual static rocket firing measurements, described subsequently. Reasonable ranges of flow resistivity for a snow-covered ground, microphone height given the terrain variation, and turbulence-related parameters are chosen. Baseline parameters are given in the caption of Fig. 3 . Note that when the ambient sound speed and density of the air are varied over a reasonable range of measurement uncertainty, there is basically no change in the relative levels and so these variables are not included in the analysis.
To provide some foundational understanding prior to discussing the details of the sensitivity analysis, the results in Fig. 3 merit discussion. At sufficiently low frequencies, the results converge to a 6 dB increase relative to the free-field case, indicating coherent addition between the source and its image pressures. On the other hand, the turbulence is more significant at high frequencies, resulting in a convergence to a 3 dB increase relative to free-field behavior, i.e. addition of incoherent waves of equal amplitude.
Because it determines the ground impedance and the spherical reflection coefficient, the parameter that has the largest impact of the frequency and depth of the interference null is the effective flow resistivity, � . For snow-covered ground, as is the case for the data analyzed in this paper, a value of � = 10-50 cgs rayls is expected. [See 1) for a table of � values for different surfaces.] The difference in relative level over the acceptable range of � values for snow is about 12 dB at 100 Hz for the 76 m case (top panel of Fig. 3 ) and at 30 Hz for the 1220 m case (top panel of Fig. 4 ). Given these large variations, a reasonable estimate of � is required to correct the measured spectrum for ground reflections.
At 76 m (Fig. 3 ) the parameter that has the next largest impact on the relative levels is the height of the microphone. While the microphones heights above the local terrain can be measured, the height relative to the rocket plume has more uncertainty in cases of uneven terrain, such as the static rocket firings. The local microphone height of 1.5 m is shown, along with 4 other heights covering a 2 m vertical range. While the location of the interference null does not change substantially, the null is wider when � is low and narrows as � increases. The resulting difference in the relative level for a 0.5 m difference in height is about 2 dB at 400 Hz.
Compared to the changes in relative level due to � and �, the levels at 76 m are not very sensitive to changes in � and 〈� � 〉. The guidelines given by Johnson et al. 11) regarding the choice of � state that the height of the microphone is the factor for determining the effective turbulence length scale. Because the microphone height is approximately 1.5 m, a value of � = 1.5 m is chosen as the baseline case. Variations around this do not show significant change in the relative levels. Similarly, a value of 〈� � 〉 � ���� �� , which is near the recommended value for a sunny day with moderate wind (2-4 m/s), was used for the baseline value. Variations in the relative level around those calculated for that value are slight, with at most a 2 dB difference near the null. For the largest and smallest values of 〈� � 〉 in Fig. 3 , the calculated relative levels exhibit an anomalous behavior with spikes at higher frequency. Similar spikes sometimes appear for larger values of � at some ranges. These are likely due to the assumptions underlying the Daigle turbulence model in approximating the fluctuating amplitudes 〈� � 〉 in terms of � and 〈� � 〉 and are under investigation.
The results of the 1220 m sensitivity study are shown in Fig.  4 . Although � is still the most influential parameter in determining variation in ∆SPL, the differences in the parameter sensitvities between the 76 m and 1220 m cases are important. Because of the measurement geometry described subsequently, the microphone heights selected for the 1220 m location ranged between 40 and 50 m, with a baseline elevation of 45 m. In contrast to the 76 m results, even a 10 m variation in microphone height does not change ∆SPL in Fig. 4 , because the difference in direct and reflected paths is negligible. Because of the increase in height, Johnson et al. 11) indicated a larger value of � should be used. A value of � = 7 gives very different values than � = 1, however, there is not much difference between � � � � ��, at this range. Contrary to the closer location, changes in 〈� � 〉 do affect the relative levels signicantly. Higher values of 〈� � 〉 correspond to a lowering of the frequency of the interference null and a lessening of its depth. The greater sensitivity on turbulence parameters is a direct result of the increased propagation range and the potential impact on the coherence of the calculations in the dominant interference null region. This sensitivity study provides guidelines for implementing the model to account for reflections from a soft ground (snowcovered in this case) when atmospheric turbulence and source coherence are included. (1) The effective flow resistivity, �, is closely tied to the frequency at which the interference null occurs. The frequency increases as � increases. At relatively close ranges, � could likely be estimated by comparing the frequency of the null to that of the data. However, the average � over the propagation distance could require adjustment at longer ranges. (2) Uncertainty in microphone height, � , relative to the rocket affects the relative levels more at closer ranges. (3) Varying the effective turbulence length scale, �, does not cause a meaningful difference at close ranges, but is more influential as distance increases. (4) Variations due to the estimate of the mean-square fluctuating index of refraction, 〈� � 〉, are small at closer ranges but significant at longer ranges, like 1220 m: nulls are shallower and occur at lower frequencies for larger values of 〈� � 〉 . Thus, 〈� � 〉 is an important parameter for predicting long range propagation of rocket noise over a soft ground. The effect of the parameters over a hard ground 6 ) still needs to be studied in more detail.
Application to Measurements
Noise measurements 12, 13) were made during a static firing of an ATK GEM-60 SRM, which is used with a Delta IV orbital launch vehicle and has 879 kN (197,500 lbf) average thrust (see Fig. 5 ). The analyses in this paper are based on a data subset recorded using 6.35 mm GRAS 40BD pressure microphones at 76 and 1220 m (250 and 4000 ft) from the chosen origin (about 10 m downstream of the nozzle) and along a 50° radial relative to the plume axis. This angle is near the peak directivity angle, based on vector intensity estimates 12, 14) and prior measurements of other solid rocket motors. 2, 15) The microphones were located 2-3 m above the ground, which was covered with about 15 cm of snow. The photograph in Fig. 5 was taken near the location of the 1220 m microphone, on top of a 45 m cliff and shows the sloping terrain surrounding the test site. The landscape and snow depth variability makes it difficult to quantify the effects of the terrain on the noise propagation. During the test, there was virtually no wind and the near-ground ambient pressure, temperature, and relative humidity were 87 kPa, 3 °C, and 60%, respectively. Although the cloudless day and observed warmer temperatures at the elevated observation location near the 1220 m microphone suggest downward-refracting propagation conditions, temperature gradients were not quantified. The
Daigle model does not include refraction effects due to wind or temperature variations. The power spectral density (PSD) measured at two locations show the effect of the ground reflection. The interference null is deeper and lower in frequency 76 m from the source than at 1220 m, as shown in Fig. 6 . Above the nulls, both the 76 m and 1220 spectra have a -20 dB/decade high-frequency slope spectrum that is attributable to weak shocks being present at both locations. 16) The cause for the different low-frequency slopes at the two distances is unknown, but the slopes for measurements made in 2009 and 2012 are very similar.
To account for the effects of the finite-ground impedance and the atmospheric turbulence, the ΔSPL from the model is subtracted from the PSD measured at the rocket firing. Because of how ΔSPL depends on the modeling parameters, the possible corrections at � = 76 m corresponding to the same parameter values as in Fig. 3 are shown in Fig. 7 . Again, � has the largest effect on the correction. The correction for the baseline value of � = 30 cgs rayls appears to essentially remove the effect of the ground reflections and provide the characteristic haystack shape expected for rocket noise. There is some variation due to changes in � around 200-900 Hz, however changes in � and 〈� � 〉 over the specified ranges have almost no effect at this distance. At longer ranges, it is more difficult to correct for the cumulative effects of reflections and turbulence. Attempts at correcting the levels at � = 1220 m are shown in Fig. 8 . An appreciable reduction of the null is achieved, but a clean "haystack" power-law spectral shape is not obtained. However, the corrected spectrum is similar to that obtained when a reasonable correction is applied to data obtained in 2012 when there was not snow on the rocky terrain. [See Fig. 15 in 6) .] Because the two very different cases approach the same answer when this model is applied, the deviation of the corrected spectral shapes from a haystack shape are due to factors that are not included in this model. Additional work needs to be done to incorporate advanced source modeling into the model to discover if it changes the results. The nulls might also be affected by the sloping terrain or by possible downward refraction.
Conclusion
Despite the complexities associated with rocket noise measurements due to ground reflections, these effects may be at least partially accounted for in obtaining more accurate nearground spectral estimates. The present paper has shown further application of a recently developed analytical model to solid rocket measurements and demonstrated that that model is relatively robust through a sensitivity analysis.
A number of important investigations remain. These include (1) Further examination of more realistic source models; (2) Application at different angles and distances; (3) Investigations involving other rocket motor data sets, including those with significantly different ground impedances; (4) A detailed examination of the Daigle turbulence model to better understand the assumptions and approximations made. These additional investigations will be useful in improving source and near-launch pad models of rocket noise.
